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Advancements in functional printing processes have demonstrated the viability of fabricating electronic 
circuits through deposition of electrically conductive materials. This has opened various novel avenues such 
as flexible and stretchable electronics that are currently beyond the capabilities of conventional subtractive 
manufacturing processes. Among the functional printing processes, piezoelectric drop-on-demand inkjet 
printing has now become of increasing interest due to its versatility. In case of the electrically conductive 
materials, Metal Organic Decomposition (MOD) inks stand out due to their particle free nature, which 
improves the jetting behavior.  
 
The strict demand from the electronics industry necessities uniform, smooth features of high resolution for 
printed electronic devices. Numerous studies have discussed the impact of print process conditions on the 
quality of printed features. However, the process conditions of pre-process and post-process techniques 
implemented in printed electronics can also have a considerable effect on the feature quality. This research 
is aimed at investigating the impact of not only some of the key print process parameters but also the impact 
of key pre-process and post-process parameters on the track width of features printed using a silver MOD 
ink on polyethylene terephthalate (PET) substrate.  
 
A statistical approach was employed for the experiments in identifying the significant control variables 
effecting the resolution of printed features. Using the results from the experimental study, the process 
parameters suitable for obtaining desired feature dimensions was derived by identifying the significant main 
and interaction effects. The results of this study can be used in improving the homogeneity of inkjet printed 
MOD features in fabricating devices such as flexible electronic displays, thin-film transistors, smart 
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Chapter 1: Introduction 
1.1 Printed electronics 
Johannes Gutenberg invented the mechanical movable type and started the printing revolution in the 1400’s 
[1] . Printing of text provided access of information and knowledge to a significantly larger number of 
people. This has enabled future generations to build on the intellectual accomplishments of earlier ones on 
a much larger scale than ever before.  Many have touted the printing revolution as one of the most important 
events in the last millennium [1].  The process of printing has evolved over the centuries and through recent 
advancements it has become viable to print various materials with functional characteristics (electrical, 
optical, chemical, magnetic, biological, or structural functionalities) onto different substrates [2]. This has 
opened several new application domains involving flexible and stretchable electronics that are currently 
beyond the capabilities of conventional silicon-based devices. 
The printing processes used in fabricating electronic circuits are often referred to as functional printing 
processes. Up until recently, electronic circuits have been manufactured using processes such as laser 
ablation and photo lithography [3]. These techniques use multiple steps including metal deposition, photo-
resist coating, curing, chemical etching and cleaning to produce the final conductive traces. Expensive 
infrastructure is typically required [3]. Printed electronics, on the other hand, have enabled the fabrication 
of electronic circuits by digitally depositing conductive materials directly onto the substrates only where 
they are needed. This process effectively removes several of the subtractive steps such as etching and lift-
off. This helps save material and lower manufacturing costs [3].  
In comparison to traditional subtractive processes such as lithography, printed electronics are also more 
environmentally friendly because they generate low waste and do not use corrosive etching chemicals. 
Functional printing also enables deposition of materials onto polymer substrates and thereby opens up new 
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avenues in flexible and stretchable electronics [4]. Moreover, these fabrication techniques are scalable, low 
cost, consume less energy and do not require expensive infrastructure and upfront costs [3].  
 
1.2 Printed electronics applications 
Printed electronics can be used to fabricate devices such as radio frequency identification (RFID) 
components, strain gauges, data storage circuits, flexible electronic displays, photovoltaics, thin-film 
transistors (TFTs), smart packaging labels, organic field effect transistors, active matrix liquid crystal 
displays (AMLCDs), organic light emitting diode (OLED) displays and various types of low performance 
electronics. Some of the electronic components fabricated using functional printing techniques are shown 
in Figure:1 [3].   
 
Figure 1: Microphotographs of printed transistors, resistors, capacitors and inductors [3].  
 
Several firms are employing functional printing in fabrication of electronic components. Accenture has 
proposed Auto-ID technology where all the manufactured items in the supply chain will have printed RFID 
tags on them. This can help the firm in tracking the product through the whole supply chain. This ability to 
track the product is projected to help increase inventory accuracy, reduce direct labor by about 5-40%, and 
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reduce the need for safety-stock [5]. Printed electronics also have the potential to alter the way in which 
current supply chains are operated by making the fabrication of RFID’s much easier and cost effective than 
the current manufacturing processes [5].  
Flexible electronics is another area where functional printing can have a significant impact. Flexible 
electronics have attracted tremendous interest in the recent years due to their applications in curved 
displays, RFID tags, low cost electronic sensors and disposable electronic devices. The market for printed, 
flexible and organic electronics is forecast to grow from $29 billion in 2017 to $73 billion in 2027 [6]. 
Various innovative applications such as clothes with electronic displays and sweat sensors, electronic paper 
displays, smart clothing and smart gloves, elastically stretchable electronic surfaces, and flexible electronic 
packaging can be fabricated economically using printed electronics [6].  
Smart packaging is another upcoming field with huge potential, whose applications can be far reaching. 
Smart packaging could be used in delivery-tracking of packages by postal companies to reduce 
inefficiencies in the supply chain [7]. They can also make the customer experience much safer and 
enjoyable by facilitating the use of smart labels on food products to send notifications to the customer about 
the freshness and quantity of the food product left for consumption [7]. All these product features can be 
achieved by depositing suitable electrically conductive materials onto desired substrates using functional 
printing processes.  
 
 1.3 Fabrication process 
A wide variety of functional printing techniques such as screen printing, flexography, inkjet printing etc. 
can be employed in the fabrication of electronic components. Among these different printing techniques, 
inkjet printing stands out by offering numerous advantages. It is a highly versatile and efficient process that 
can be used to precisely print intricate patterns. It enables fabrication of electronic components using a wide 
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variety of inks on various substrates [8]. Among the myriad of functional inks, Metal Organic 
Decomposition (MOD) inks stand out due to attractive attributes such as their high electrical conductivity, 
ease of handling and increased shelf life compared with other electrically conductive inks [9]. 
In the case of substrates, polymer substrates such as polyethylene terephthalate (PET) are being viewed as 
an attractive option for flexible electronics applications. PET is an inexpensive polymer substrate that offers 
excellent dimensional stability and wear resistance [10].  Although the low surface energy of PET could be 
a limitation, it can be improved using surface treatment processes such as atmospheric plasma treatment. 
The printing process is typically followed by drying and sintering steps to remove the additives in the liquid 
ink and to make the pattern conductive. Sintering techniques such as thermal, microwave, and flash lamp 
annealing can be used depending on the substrate and ink. A careful selection of suitable ink–substrate 
combination and optimal process conditions can help obtain components of desired features. 
 
1.4 Thesis objective 
Uniform, smooth lines of high resolution are ideally desired in printed electronic devices as electrical 
circuits. Although inkjet printing is a highly versatile process that can be used in fabrication of narrow 
conductive tracks, there could be several challenges associated with printing tracks with the desired 
qualities. Factors include the type of ink, the substrate material, and the process parameters. The 
functionality of printed electronic components is very sensitive to defects such as undesired discontinuities 
(voids) and connections. Due to the strict demand on quality from the electronic industry, there exists a 
need for greater control of feature dimensions of inkjet printed features.  
Significant research has been done in the recent past for fabricating smooth, conductive and narrow patterns 
using inkjet printing. Several studies have investigated the effect of printing and curing parameters on 
topography of inkjet printed features. The inks used in most of the studies have been limited to nanoparticle 
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inks [11-13]. A survey of the available literature has shown that little work has been done to understand the 
effect of process parameters on quality of printed traces when using MOD inks. Parameters including drop 
spacing of the print-head nozzles, time between printing and sintering, the temperature of the substrate 
during the printing process, and the surface treatment of the substrate could affect the morphology of the 
printed patterns. Studying the effect of these parameters on the topology of the printed MOD inks can help 
in fabricating uniform, smooth lines of high resolution.  
The primary objective of this thesis is to find the effects of the surface treatment, printing and drying 
parameters on the quality of conductive traces printed using a silver MOD ink. The quality of the printed 
traces is quantified through two metrics. First is the deviation of the line width from the intended line width 
and second is the line edge roughness. If a significance of the parameters on the line width deviation and 
line edge roughness of inkjet-printed traces is found, the second objective is to find the process parameters 
that would be suitable for obtaining printed tracks with minimal line width deviation and line edge 
roughness.  The results of this study can be used in improving the homogeneity of inkjet printed MOD 









Chapter 2: Literature review 
This section provides background information on the printing technique, conductive inks, sintering and 
surface treatment processes employed in the current study, and it aims to put them in perspective with some 
of the most frequently used techniques in fabrication of printed electronic components. Furthermore, the 
literature review is aimed at identifying gaps in the existing literature, specifically among the studies that 
have investigated the impact of printing and post processing parameters on the topography of printed 
conductive inks.  
 
2.1 Functional printing techniques 
A wide variety of functional printing techniques can be used to fabricate electronic circuits. Functional 
printing processes can be broadly classified as “non-contact” printing techniques and “contact” printing 
techniques based on the deposition process. Figure 2 shows a classification of functional printing techniques 
based on the deposition process. 
 
                                 












Off Set- Lithography 
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Both the “contact” and “non-contact” printing processes offer unique advantages. Contact printing 
processes are efficient, high speed processes that enable roll-to-roll production. But several of these 
processes are limited in print resolution and are suitable only for nonfragile substrates. In addition to that, 
most of the contact printing processes do not support Z axis translation making them unsuitable for 
conformal printing.  
On the other hand, non-contact printing processes are gaining traction due to various appealing attributes. 
These processes can be used with inks having a wide range of viscosities to achieve dimensions as small as 
10 μm. The print patterns are also easily customizable, and these processes  allow greater control on the ink 
deposition [8]. Among the non-contact printing techniques, inkjet printing stands out by offering numerous 
advantages. It is a highly versatile and efficient process that can be employed to precisely print complex 
patterns using a wide variety of inks. The current study employs piezoelectric inkjet-printing as the ink 
deposition technique. The following section provides a brief overview of inkjet printing process.  
 
2.2 Piezoelectric inkjet printing 
Lord Rayleigh published in 1878 that a stream of inviscid liquid could be broken into stream of individual 
droplets by the application of a transient pressure to the nozzle [2, 8]. Over time, this fundamental behavior 
of liquids has been used to create several types of inkjet printing techniques. Inkjet printing of text and 
graphics on paper is now ubiquitous and has been used commercially as well as in day to day domestic use 
since the 1950’s. Through recent advancements, this process has progressed to facilitate printing of 
functional materials onto different substrates and has now become of increasing interest as a manufacturing 
technique [14].  
The process of inkjet printing can be broadly classified into two types:  Continuous Ink-Jet (CIJ) and Drop-
On-Demand inkjet (DOD) process. CIJ involves continuously jetting ink through a single nozzle through 
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application of pressure. An electrical charge is induced to the liquid by passing the ink through an external 
electric field. The charge remains in the individual drops after the jet breaks up. The charged droplets can 
be deflected towards the substrate or an ink collection and recirculation system [2]. CIJ systems are not 
generally preferred for functional printing due to the significant risk of ink degradation during the 
recirculation process.  On the other hand, DOD inkjet printing involves jetting droplets of ink in a precisely 
controlled manor. The DOD process is also of significantly lower complexity than CIJ, as it does not require 
droplet charging, deflection and ink recirculation [8].  
DOD inkjet processes can be predominantly classified as either thermal or piezoelectric DOD printing. In 
thermal DOD inkjet printing, a resistive heater as show in Figure 3, is used to heat the ink. This helps in the 
formation of vapor bubbles and subsequently the ejection of droplets though a nozzle [2]. The creation of 
vapor bubbles can sometimes lead to the formation of a layer of ink over the resistive heater. This could 
lead to the decrease in the performance of the printer over time [8]. In addition to that, the thermal cycling 
associated with this process can lead to ink degeneration and loss of the desired functional properties [8]. 
For these reasons, thermal inkjet printing is not often preferred for printing of functional materials. 
 
Figure 3: Thermal inkjet printing process [8]. 
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Most inkjet printing of functional materials to date has been done using piezoelectric DOD printing. In this 
technique, a piezoelectric electrode as illustrated in Figure 4 is used to apply pressure to the ink by 
application of voltage to a piezoelectric film that bends and ejects the ink out of the nozzle. It is a highly 
precise process which allows complete control over the amount and rate of droplet ejection through the 
manipulation of magnitude and frequency of the pulse voltage.  A broad range of water-based or solvent-
based inks, which are either conductive or non-conductive, can be deposited using this technique. Prior 
studies have shown that feature dimensions as small as 50μm can be achieved using this process [8]. This 
makes it a very attractive choice for fabricating printed electronic components [8].          
 
Figure 4: Piezoelectric inkjet printing process [8]. 
This process allows fabrication of high-resolution features by employing multiple print head nozzles 
intermittently. As the volume of droplets can be in pico-liters, it is possible to fabricate precise lines of 
small dimensions using piezoelectric inkjet printing.  In addition to that, it is a direct-write, low temperature, 
non-contact deposition method which eliminates the need for masking and reduces contamination. It has 
also achieved considerable appeal on account that various functional polymers, metal nanoparticles and 
metal-organic complexes used for manufacturing flexible electronic components could be easily printed [4, 
15]. While traditional manufacturing processes are cheaper for mass production, piezoelectric inkjet 
printing is appealing to small-volume production of tailored components.  
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Piezoelectric DOD inkjet printing is also a highly versatile process that has been hugely sought after in the 
recent past due to its significant advantages involving minimal waste generation. It is very efficient in 
handling of expensive inks. Furthermore, roll-to-roll production is also possible. As it is a relatively fast 
process that does not require vacuum processing and multiple print heads can be employed in parallel to 
achieve higher throughput [16]. The process is also compatible with most of the widely used computers, 
and the patterns can be easily modified without any alterations to the hardware [4]. This flexibility enables 
“desktop manufacturing” for small-scale factories with small installation costs [17].  
There can be a range of challenges associated with using piezoelectric DOD inkjet printing in the deposition 
of functional materials. Issues can arise in the areas related to ink formulation, print head settings, surface 
characteristics of the substrate, rate of solvent evaporation, etc. As this is a drop-on-demand technique, 
pixilation-related problems can also occur. The printed pattern quality can sometimes vary considerably 
due to the complicated drying phenomena associated with droplets. There are also several challenges 
associated with the deposition of droplets; such as issues related to droplet flight path, impact location on 
the substrate, droplet velocity, droplet size etc.  Proper care must be taken in setting up and tuning the 
printer to avoid these issues.   
 
2.3 Metal-Organic Decomposition (MOD) inks  
Several types of conductive inks such as conductive polymer inks, ceramic inks, carbon nanotube inks 
(CNT), graphene inks, metallic inks etc. could be used in printing of functional components. The 
electrochemical properties of conductive polymer inks can be sensitized to specific environmental 
conditions, which makes them an attractive option to be used in sensing applications. However, the 
electrical conductivity of polymer inks is lower than many other types of conductive inks, and they can 
have relatively poor thermal and chemical stability [8]. CNT inks have been shown to have tolerance to 
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high current density, but challenges with uniform dispersibility due to large Vander walls forces between 
CNT’s limits their applications [8]. Graphene inks can be highly conductive when they are treated to 
thermal reduction at high temperatures [>550˚C], but this makes the ink unsuitable to be used on 
temperature sensitive substrates [8]. Metallic inks are the most widely used among all the different types of 
conductive inks due to their higher values of conductivity and due to the limitations associated with using 
the alternatives [4, 8]. 
Nanoparticle inks (NP) and metal-organic decomposition (MOD) inks are the two main types of metal 
containing inks that are typically studied. To obtain well-defined patterns with high-density integration that 
are needed by printed electronic devices, NP inks are often preferred. NP inks consist of a suspension of 
nanoparticles in liquid such as water, toluene etc. [8]. These inks can have relatively low contact resistance 
and high particle loading, and they are widely commercially available [4].  Gold, silver, nickel and copper 
nanoparticle inks are currently being used to print conductive circuits. Most NP inks have colloidal 
suspensions, humectants, surfactants and specialized polymer coatings on the nanoparticles to prevent 
agglomeration and subsequent nozzle clogging [8]. These additives are removed through high sintering 
temperatures of >200°C, which makes them incompatible with most polymeric substrates that have 
relatively low glass transition temperatures (Tg) [14].  
Metal-organic decomposition (MOD) inks are based on metal-organic complexes (MC), or salts, of various 
metals and are an excellent alternative to NP inks. These inks come in the form of solutions rather than as 
particulate suspensions. For this reason, they can help reduce the risk of agglomeration and consequent 
nozzle clogging. The molecular nature of MOD inks also allows low-temperature curing of the deposited 
ink into conductive metal [9]. Thermal or optical heating processes after the printing of the ink generate 
nanoparticles in situ and can remove the additives in the ink to make them conductive. The heating of the 
MOD inks helps in reduction of organometallic inks to the metallic species and has also been shown to aid 
fusing of newly formed nanoparticles [8]. 
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MOD inks can, in some cases, have a higher shelf life than NP inks and do not require colloidal stabilizers. 
Moreover, they do not need a highly-controlled environment and can be printed in layers to get bulk 
properties that are closer to solids formed by traditional process [18]. Several MOD inks have been 
developed using base metals such as platinum, gold, silver, copper, nickel and aluminum [8]. Among these 
alternatives, silver is the most commonly used MOD ink, as it can form several compounds which are 
soluble in organic solvents [11]. Furthermore, bulk silver also has the lowest resistivity of all of these metals 
making the silver MOD inks a very attractive choice.  
Silver MOD inks typically consist of a silver salt such as silver neodecanoate, silver carboxylate etc. 
dissolved in a suitable solvent such as xylene, methanol, toluene etc.  [4, 9]. Higher conductivity values 
have been achieved using silver MOD inks in comparison to NP inks, as the nanoparticles can be formed 
on the substrate after the deposition of the ink [15]. In comparison to silver NP inks, MOD inks can be 
converted into metal at relatively low processing temperatures [9, 11].  
Tekin et al. have shown that silver MOD inks can be used to obtain conductivity values between 11 and 
53% of bulk metals, which is higher than most NP inks [16]. Printing multiple layers has been shown to 
improve the conductivity of MOD traces. Teng et al. have shown that the sheet resistances of inkjet printed 
silver MOD lines after four to five layers can be very close to that of the bulk metal [20]. Perelaer et al. 
have presented a single step process to achieve conductive traces using a commercially available silver 
MOD ink by printing on a substrate heated at 130˚C [19]. These studies demonstrate the advantages of the 
MOD inks in comparison to other metal-based inks for fabricating functional electronic circuitry. A 
commercially available silver MOD ink (LXPM-S1-AGN1000) manufactured by Liquid X Printed Metals, 





2.4 Sintering technique 
Typically, both the NP and MOD inks require an additional sintering step to form electrically conductive 
traces. Metal particles are melted or sintered into a continuous layer of conductive metal during this 
processing step. The sintering process will result in the formation of necks between the nanoparticles 
thereby decreases the contact resistance. Various types of sintering processes such as lasers, thermal, 
electron beam, microwave, electrical etc. can be used. MOD inks are typically thermally sintered to aid the 
decomposition of organic components and to fuse the newly formed nanoparticles [20]. 
Considerable research has been performed in investigating the impact of thermal sintering conditions 
including sintering temperature and sintering time on the quality of printed features. Dearden et al. have 
demonstrated that high electrical conductivity values can be achieved at sintering temperatures as low as 
150˚C using an MOD ink formulated by dissolving silver carboxylate in xylene [9]. Smith et al. have 
reported on inkjet printing of a silver MOD ink which can be sintered at 150˚C in air to obtain resistivity 
values of 1.3 to 2 times the theoretical resistivity of bulk silver [11].  
In addition to the sintering conditions, the time elapsed between printing and sintering can also have an 
impact on the quality of printed features. This could be due to the Marangoni effect in the printed ink or the 
evaporation of volatile solvents in the deposited ink with the passage of time. Research studies that have 
incorporated the effect of time between printing and sintering on the quality of printed features have been 
very limited. In this study we have chosen to employ the time between printing and sintering as an 






 2. 5 Substrate and surface treatment 
Polymer substrates have various desirable properties that make them an attractive option to be employed in 
functional printing. Polymers are usually formed from carbon and hydrogen bonds and have superior 
properties such as high strength to weight ratio, corrosion resistance at an inexpensive price tag. Among 
the polymer substrates, polyethylene terephthalate (PET) is desirable due to its low cost, high strength, 
rigidity and wear resistance. It is compatible with both wet and dry environments and is resistant to 
moderately acidic solutions [10]. It is also known for its excellent dimensional stability. In addition to that, 
ink absorption/leakage is essentially eliminated as PET has no centerline porosity. Melinex ST 506 PET, 
has been chosen as the substrate in the current study for printing the LXPM-S1-AGN1000 silver MOD ink.  
One disadvantage of PET is poor wetting and adhesion of the ink due to it’s low surface energy [21]. 
Furthermore, PET is highly prone to surface contamination from oils, greases etc. This can make the 
formation of permanent bonds with the surface very difficult. Surface treatment of the substrate can be 
performed to overcome these issues and to improve adhesion. There are several surface treatment processes 
available to increase the surface energy of the substrates. These include abrasive treatment, chemical 
treatment, vacuum plasmas and ion beams [10, 22]. Out of these techniques, vacuum and atmospheric 
pressure plasma treatment processes are the most widely used. Although very effective, vacuum plasmas 
limit the size and shape of the object to be treated as they have to be placed inside a vacuum chamber.  
The atmospheric plasma treatment process operates at atmospheric pressure without the need for a vacuum. 
It can therefore be used to uniformly treat large areas of materials under consistent process conditions [10]. 
The process is also environmental-friendly and affects only the material surface while retaining the bulk 
properties of the material [23]. In this process, a plasma beam of reactive species (usually a mixture of 
oxygen and helium) is applied across the surface. The plasma consists of ionized gases, with electrons, ions, 
high-energy neutrals and radicals [23]. The application of plasma results in a dynamic change across the 
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exposed area with time. The change depends on parameters such as the density of radicals in the beam, the 
beam size, stand-off distance from the substrate, the scan speed, etc.  
Shenton et al. have observed that atmospheric plasma treatment of PET can enhance adhesion of the printed 
material by a factor of 2 to 10 [10]. They have also noted that improved adhesion is observed on the samples 
located closer to the plasma source [10]. The surface energy of the polymer substrate can be increased to 
as high as 70 dyn/cm in a matter of a few minutes [21]. This was shown to enhance the bond strength by 
up to 7-fold for some of the polymers [21]. Gonzales et al. have observed a 50° drop in the water contact 
angle and a 6-fold increase in polarity after treating PET with helium and oxygen atmospheric plasma [24].  
Atmospheric plasma systems used for improving the hydrophilic nature of polymers typically employ a 
mixture of helium and oxygen gas. The flowrate of the oxygen and helium gases and the power of plasma 
can significantly influence the surface energy of the surface treated polymer substrate [25] . In addition to 
them, the standoff distance between the plasma applicator and the substrate can also have a significant 
impact on the surface energy of the treated substrate. In thermally sensitive polymers such as PET, having 
a low standoff distance could lead to warping of the substrate due to the high amount of heat that is 
dissipated from the applicator. This could be detrimental to the performance of the fabricated functional 
circuit. Research studies incorporating the effect of standoff distance of the plasma applicator on the print 
quality have been minimal. Hence, we have incorporated standoff distance between the substrate and the 
plasma applicator as an independent variable in our experimental work, to study its impact on the quality 
of printed features. A Surfx Atomflo model 400, atmospheric plasma system has been employed in the 






2.6 Impact of process parameters on topography of printed conductive inks 
Several studies have strived to understand the impact of process parameters on the morphology of inkjet 
printed conductive inks. Soltman et al. have studied the effect of print parameters on poly (3, 4-
ethylenedioxythiophene)/ poly (styrene sulfonate) [PEDOT/PSS] inks [13]. The samples were printed using 
a custom inkjet printer onto glass slides coated with poly (4-vinyl phenol) dielectric [PVP]. The study was 
conducted by varying the substrate temperature, drop spacing, and drop frequency. As shown in Figure 5, 
having a very low drop spacing results in barreling of ink due to surface tension, while having a very high 
drop spacing could lead to individual drops on the substrate that do not merge into a continuous trace [13]. 
It was observed that using an intermediate drop spacing and temperature can lead to uniform lines. They 
have also demonstrated that smooth, narrow lines with even edges can be printed using the PEDOT/PSS 
inks by optimizing the drop frequency, temperature of the substrate, and drop spacing. 
 
Figure 5: (a) individual drops, (b) scalloped, (c) uniform, (d) bulging, and (e) stacked coins. Drop spacing 
decreases from left to right [13]. 
 
Li et al. have studied the impact of drying temperature on droplets of silver NP ink [12]. The topography 
of the silver nanoparticle droplets was shown to be significantly affected by the drying temperature. Their 
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findings showed that drying the nanoparticle ink over a critical drying temperature Tc can result in the 
formation of coffee ring in the deposited droplets [12]. A positive correlation between critical drying 
temperature Tc and the droplet volume has also been observed. Their study considered the impact of drying 
temperature on NP ink droplets, however, it did not include the effect of temperature on printed traces.  
The dependency of line width and resistance of inkjet-printed silver nanoparticle ink on drop spacing was 
shown by Van Osch et al.  [14]. A Dimatix inkjet printer was used to deposit a commercially available 
silver NP ink onto untreated polyacrylate polymer substrate. The study found that lines with a width of 40 
µm and conductivity of 13% to 23% of bulk silver could be printed on untreated polyacrylate polymer 
substrate. As illustrated in Figure 6, the line width of the printed traces was shown to decrease with the 
increase in drop spacing [14]. This study however, did not include a design of experiments approach to 
identify the optimal process parameters to obtain lines of desired dimensions.  
 
Figure 6: Line width as function of drop spacing for three and five layers subsequently printed on top of each 
other [14]. 
 
Blanc et al. have studied the effect of various printing parameters on the topography of printed lines 
deposited using a commercially available silver NP ink [26]. They have observed a significant impact of 
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drop spacing and substrate temperature on line-width of the printed NP ink on various substrates. Tao et al. 
have shown that homogeneous surface profiles of inkjet-printed silver NP films can be obtained by 
regulating the drying microenvironment of the ink [27]. The regulation of the microenvironment was 
achieved by adding adjacent patterns, to control the solvent evaporation rate across the film’s surface. In 
addition to these studies, a recent review paper by Sun et al. reveals numerous publications that have dealt 
with controlling the morphologies of inkjet printed NP droplets [28]. However, it can be seen from the 
literature survey that the research into the investigation of the effect of inkjet process conditions on the 
feature quality of MOD inks has been very limited. In this study we have chosen to incorporate drop spacing 
and the temperature of the substrate as two of the independent variables, to assess their impact on the quality 
of printed MOD ink traces.  
 
2.7 Problem statement 
The literature review shows the progress that has been made in understanding the impact of various process 
parameters on topography of inkjet printed conductive inks. Furthermore, it also reveals that there have not 
been any significant studies performed to understand the effect of process parameters on morphology of 
printed MOD inks, which have several attractive attributes over the frequently used NP inks. Different 
process parameters such as the drop spacing of the print head, temperature of the substrate, time between 
printing and sintering, and the height of the plasma applicator in the surface treatment, can be controlled to 
modify the line width of the printed traces. There exists a need to better understand the relationships 
between these experimental parameters and their impact on the line width of printed MOD traces to 





Chapter 3: Research methodology 
The previous chapters have demonstrated the growing interest in using MOD inks for the fabrication of 
printed electronic components thorough the process of inkjet printing. The literature review indicated that 
there is a need to investigate the impact of various process parameters on the morphology of printed MOD 
ink electronic traces. This thesis aims to build upon the existing literature by studying the effect of the 
surface treatment, printing and drying parameters on the quality of traces printed using MOD inks.  
The quality of the printed traces is quantified using two metrics in this study. First, is the deviation of the 
line width from the intended line width (line width of the pattern in the digital design). This would be the 
difference between the measured line width and the intended line width. Second, is the line edge roughness. 
This would be the average root mean squared (RMS) edge roughness of the two edges of the printed line. 
A low RMS line edge roughness would indicate that the printed lines are smooth and a high RMS line edge 
roughness on the other hand would indicate that the printed lines are uneven or possibly discontinuous.  
Micrographs shown in Figure 7 illustrate two tracks printed at different process conditions using a graphic 
image with a line width of 100μm. Figure 7(a) shows the micrograph of a line with a measured line width 
of 180μm i.e. a line width deviation of 80μm from the intended line width of 100μm and an RMS line edge 
roughness of 2.6μm. Figure 7(b) shows the micrograph of a line with a measured line width of 142μm i.e. 
a line width deviation of 42μm from the intended line width of 100μm and an RMS line edge roughness of 
22μm. The micrograph in Figure 7(b) also shows that there are discontinuities in the printed line, illustrating 




Figure 7: micrographs of a printed lines with (a) 80 μm line width deviation, 2.6μm RMS edge roughness and 
(b) 42 μm line width deviation, 22 μm RMS edge roughness. 
 
The specific aims of this research can be summarized as follows. 
1. Identify the effect of inkjet drop spacing, substrate temperature, time between printing and 
sintering, and standoff distance of the atmospheric plasma, on the line width deviation and line 
edge roughness of printed features. 
2. Determine the suitable printing parameter values for fabricating features with minimal deviation in 










3.1 Materials and equipment  
The following materials and equipment were used in the experimental procedure. 
1. Conductive ink: Liquid X Printed Metals, Inc. silver MOD ink (LXPM-S1-AGN1000). 
2. Substrate: Melinex ST 506 PET. 
3. Surface treatment apparatus: Surfx Atomflo model 400, atmospheric plasma system. 
4. Material deposition tool: Dimatix DMP-3000 materials printer. 
5. Thermal sintering tool: Thermo SP 13125 hot plate. 
6. Hirox KH-7700 digital microscope. 
7. Image analysis: ImageJ, image processing program 
The Melinex ST 506 PET substrate was surface treated using the Surfx Atomflo 400 to improve the surface 
energy of the substrate and to enhance ink-substrate adhesion. The commercially available Liquid X silver 
MOD ink (LXPM-S1-AGN1000) was printed onto the plasma treated substrate using a Dimatix DMP-3000 
materials printer. The printer uses a piezoelectric print head. A 10pL drop volume ink cartridge was used. 
The test pattern shown in Figure 8 was designed to have 4 lines with nominal widths of 50, 100, 200, 400 
µm respectively. Each line has a nominal length of 15 mm.  
 
Figure 8: Illustration of the print pattern. 
The printed patterns were thermally sintered at 160˚C for 10 minutes using a Thermo SP 131325 hot plate 
as recommended by Liquid X printed metals Inc. (silver MOD ink supplier). The micrographs of the 
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thermally sintered lines were taken using a Hirox KH 7700 digital microscope. Image analysis software 
ImageJ was employed to measure the line width and the line edge roughness. 
 
3.2 Experimental setup 
3.2.1 Plasma applicator  
As mentioned earlier in the literature review, the track width of the printed lines is influenced by the surface 
energy and surface roughness of the substrate [11]. An optimal balance between surface energy of the 
substrate and the surface tension of the ink is necessary to achieve uniform smooth lines of desired 
dimensions. Modifying the surface energy of the substrate can help in increasing adhesion of the sprinted 
features and also help with the printing of smooth lines. Surface modification of the substrate was achieved 
with a Surfx Atomflo 400 atmospheric plasma system as shown in Figure 9.  
 
 
Figure 9: Surfx Atomflo 400 atmospheric plasma system. 
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The Surfx Atomflo 400 atmospheric plasma system uses a 1” wide slot applicator to direct a mixture of 
oxygen and helium plasma onto the substrate to be surface treated. The applicator is mounted on a Roland 
Modela MDX-20 tabletop router, which moves along the desired 3D toolpath under computer control. The 
tool path for the application of plasma was generated in the Dr. Engrave software. Multiple passes and 
overspray of the plasma could lead to differences in the surface energy of the substrate. In order to avoid 
these inconsistencies, the step-over distance between adjacent passes in the tool path has been kept at 1” as 
shown in Figure 10. The parameters at which the substrate was surface treated are shown in the Table 1.  
 
Figure 10: Toolpath for the plasma applicator. 
 
Table 1 : Parameters used for the plasma treatment. 
Parameter Value 
Power 100W 
He flow rate 18 l 
O2 flow rate 0.3 l 
Number of passes 1 
Scan speed 15 mm/sec 
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3.2.2 Inkjet printer 
The Dimatix DMP-3000 materials printer shown in Figure 11 was used to print the experimental samples. 
The print head used in the printing process has 16 nozzles, each with a drop volume of 10pL. The droplet 
size and speed are affected by the voltage of the piezo electric pint head [15]. To obtain smooth and uniform 
traces, the velocity and direction of the droplets ejected from the array of nozzles must be highly uniform. 
The voltage was kept constant for all the print patterns at 32V, as the droplet stream generated at that voltage 
was found to be the most stable with this ink. All lines were printed parallel to the Y-axis i.e. from the back 
of the print bed to the front of the print bed. The substrates were cleaned with isopropanol prior to the 
application of plasma to remove the presence of any foreign particles.  
 
Figure 11: Dimatix materials printer DMP-3000. 
 
3.2.3 Surface characterization of the substrate 
Prior to printing the ink on plasma treated substrates, static contact angle measurements were taken to 
validate whether atmospheric plasma standoff distance influences the surface energy of the substrate. The 
contact angle measurement is one of simplest and most effective method to characterize the surfaces [23]. 
The static contact angle measurement is the angle formed by the chosen liquid at the three-phase boundary 
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where the liquid, air, and substrate intersect. This technique was shown to detect the top most surface 
property with an analysis depth of approximately 1 nm or less [23]. Surface characterization of the plasma 
treated surfaces was done to validate the assumption that the surface energy of the substrate does indeed 
change with standoff distance of the plasma applicator. In this study, the static contact angle of water is 
measured by the sessile drop technique using a Rame-Hart contact angle goniometer shown in Figure 12. 
 
 
Figure 12: Rame-hart contact angle Goniometer. 
 
Five static water contact angle measurements were made for each of the untreated substrates as well as for 
substrates treated at standoff distances of 20 mm and 10 mm respectively. The average measured static 
water contact angle for the untreated substrates, and substrates treated at standoff distances of 20 mm and 
10 mm respectively were are 71.2˚, 65.8˚ and 56.2˚ respectively. The decrease in the static contact angle of 
the water droplets shows that the surface energy of PET is affected by the standoff distance of the plasma 
treatment.  In addition to that, the lower contact angle with decreasing the standoff distance indicates the 
negative correlation between standoff distance and the surface energy of the substrate. 
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3.2.4 Line width measurement 
The micrographs of the thermally sintered lines were taken using a Hirox KH 7700 digital microscope. 
Opensource image analysis software ImageJ was employed to analyze the micrographs. A macro script 
developed by Justin R. Bickford known as ‘Analyze_Stripes’ was utilized to automatically measure the 
width, and line edge roughness. The edges of the lines in the micrographs are identified by the ImageJ tool 
and the macro script calculates the line width and the line edge roughness. Figure 13(a) shows micrographs 
of two printed lines of varying morphology and Figure 13(b) shows the edges of the lines identified by 
ImageJ in yellow color. 
 
Figure 13: (a) Micrographs of  printed lines (b) Edges of the printed lines identified using the ImageJ tool 
shown in yellow (c) Line width and RMS edge roughness data. 
 
The line width value is calculated as the average perpendicular distance between the two edges, using the 
formula provided below. The parameter xai is the distance of the ith point on the top edge a, from the bottom 
of the image. Similarly, xbi is the distance of the ith point on the bottom edge b, from the bottom of the 
image. n is the number of points along the line at which the ImageJ tool takes a measurement. 
 
   













The RMS line edge roughness value is calculated as the square root of the average of the variance values 
of the two edges, using the formula provided below. The parameter xai is the distance of the ith point on the 
top edge a, from the bottom of the image. Similarly, xbi is the distance of the ith point on the bottom edge b, 
from the bottom of the image. n is the number of points along the line at which the ImageJ tool takes a 
measurement. 
The ImageJ tool was validated prior to its usage in the current study. An optical profilometer by Nanovea 
was used to measure the surface profile of a feature. The thickness of the profile serves as a substitute for 
the line width.  The data generated from the profilometer was used to calculate the average thickness of the 
profile and the RMS edge roughness. Figure 14(a) illustrates the surface profile of the line measured with 
the profilometer, and Figure 14(b) illustrates the edges identified by the ImageJ tool. 
 
Figure 14: (a) Surface profile of a feature measured with Nanovea optical profilometer and the measurement 
values (b) Edges of the surface profile identified by ImageJ tool and the measurement values. 
 
It was noted from the validation that there was less than 1% difference in the line thickness measurement 
between the optical profilometer and the ImageJ tool. In terms of the RMS edge roughness, there was a 
𝑅𝑀𝑆 𝑙𝑖𝑛𝑒 𝑒𝑑𝑔𝑒 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 =  
√(














difference of about 10% between the two measurements. However, the ImageJ tool was noted to be accurate 
up to the decimal point. Hence the data after the decimal point was not utilized in the data analysis 
performed in the current study. 
 
3.3 Experimental factors 
The process parameters that will be varied in this research are the drop spacing of the piezoelectric inkjet 
print head, the standoff distance of the plasma applicator from the substrate, the substrate temperature 
during the printing process, and the elapsed time between printing and curing. In addition to them the test 
pattern employed for printing has four different line widths of 50, 100, 200, 400µm, so the line width of the 
input graphic image or the intended line width is considered as another experimental factor.  The definition 
and the significance of each one of these process parameters are explained as follows. 
• Intended line width (µm)– This is the width of the lines that the user wishes to print i.e. the width 
of the lines in the graphic image that the user employs for the printing process. Ideally there 
wouldn’t be any deviation between the intended line width of the graphic images and the measured 
line width of the printed features. 
• Drop spacing (µm)– This is the center-to-center distance between adjacent drops that are deposited 
on the substrate. Line width of inkjet printed circuits has been shown to be dependent on the drop 
spacing by prior studies [13, 14]. The Dimatix DMP-3000 materials printer used in this study for 
printing of the conductive traces allows the user to have control over the drop spacing. 
• Standoff distance (mm) – The standoff distance is the distance of the plasma applicator from the 
surface of the substrate. Prior studies have shown that changing the intensity of the atmospheric 
plasma has a significant effect on the surface energy of the substrate [10]. Static water contact angle 
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measurements have revealed a negative correlation between standoff distance and the surface 
energy of the substrate. In this study, the standoff distance of the plasma applicator has been varied 
on the Surfx Atomflo 400 apparatus to understand the effect of standoff distance in the plasma 
treatment on the quality of printed features.  
• Temperature of the substrate (˚C) – This is the temperature of the substrate during the printing 
process. Prior studies have indicated that the temperature of the substrate has a significant effect on 
the quality of the printed features [13]. The platen temperature on the Dimatix DMP-3000 materials 
printer can be controlled to modify the temperature of the substrate. The printer allows the platen 
temperature to be raised to a maximum value of 70˚C. Prior to printing, all the substrates were 
placed on the platen for 15 minutes to allow the substrate to achieve equilibrium temperature. The 
substrate temperature was validated by using an infrared thermometer. 
• Time between printing and curing (min) – There has been limited research on understanding the 
effect of time between printing and sintering on the quality for printed patterns. However, prior 
studies have shown that depending on the properties of the NP inks, they could spread or coalesce 
when left uncured for longer durations [8]. In this study, the substrates were left on the platen in 
the inkjet printer before sintering them to maintain their temperature. 
The levels of the process parameters to be used in the design of experiments approach are selected based 
on prior knowledge and the capabilities of the apparatus used. Table 2 shows the experimental factors and 






Table 2: Experimental factors and their levels. 
Factor Level 1 Level 2 Level 3 Level 4 
Intended line width (μm) 50 100 200 400 
Drop spacing (μm) 15 20 25  
Standoff distance (mm) 10 15 20  
Substrate temperature (0C) 30 70   
Time between printing and 
sintering (min) 












Chapter 4: Experimental results and discussion 
4.1 Design of experiments 
Using the factors mentioned in Section 3.3, a full factorial design with replications was used to perform the 
statistical analysis. Minitab 18 statistical analysis software was used to generate the experimental design. 
Three replicates were used to increase the confidence of conclusions drawn from the experiments. A 
completely randomized experimental design was used to minimize the errors in the design. The design 
parameters used were as follows: 
Factors – 5 
Replicates – 3 
Total runs- 432 
Full factorial design 
The deviation from the intended line width to the measured line width (LWD) was chosen as the first 
response variable. The RMS line edge roughness (LER) was chosen as the second response variable. Lines 
that were wider than the desired line width were given a positive value in Minitab. For example, if the 
desired line width was 50 µm and the measured width was 75 µm, the corresponding variability of +25 was 
used as the input. Lines that were narrower than the desired line width were given a negative value in 
Minitab. For example, if the desired line width was 50 µm and the measured width was 25 µm, the 
corresponding variability of -25 was used as the input. The full factorial design table is provided in 





4.2 Analysis of the results 
4.2.1 ANOVA for line width deviation (LWD) 
The detailed analysis of variance (ANOVA) table is given in Appendix B. The model from Appendix B 
was further improved by reducing the model to only include up to two-way interactions, to provide a better 
estimate for the error term by increasing the degrees of freedom associated with it. The primary factors and 
their two-way interactions were only considered in the reduced model. The ANOVA for the reduced model 
is provided in Table 3.  





From the ANOVA in Table 3, it is clear that factors D (Temp i.e. temperature of the substrate), B (Drop 
spacing), C (Standoff i.e. standoff distance of the plasma applicator), A(intended line width) and the 
interaction of factors A&D (intended line width and substrate temperature), B&D (drop spacing and 
substrate temperature), B&C (drop spacing and plasma standoff), and A&E (intended line width and time 
between printing and curing) were significant with a p-value less than 0.05. The R-squared value from the 
ANOVA indicates that about 60% of the data fits the regression model. 
From Figure 15, the histogram follows a normal distribution centered at 0. The normal probability plot of 
residuals shows only a few outliers. These two plots indicate that the normality assumption is satisfied. The 
‘Residual Versus Fits’ plot did not indicate any abnormalities in the variance, thus satisfying the equal 
variance assumption. The ‘Residual Versus Order’ plot does not show any specific pattern with respect to 
the observation order, indicating that the independence assumption is satisfied for the ANOVA model. As 
all the necessary assumptions for the validation of ANOVA were satisfied, the data generated can be 




Figure 15: Residual plots for the line width deviation (LWD) values. 
 
The Pareto chart of the standardized effects is shown in Figure 16. Substrate temperature has the most 
significant impact on LWD. This is followed by drop spacing and the standoff distance of the plasma 
applicator. Time between printing and sintering does not have a significant impact on the LWD of printed 
features. The intended line width also has a significant impact on the LWD, and this is not desirable. Ideally 





Figure 16: Pareto chart of the standardized effects for LWD. 
 
The main effects plot for the line width deviation is shown in Figure 17. It can be noted from the main 
effects plot that printing at an elevated substrate temperature can help achieve minimal line width deviation 
from the intended line width. High drop spacing is noted to result in minimal deviation of the line width 
from the intended line width. Higher standoff distance of plasma is noted to help achieve minimal deviation 
of the line width. Having more time between printing and drying can be noted to help in achieving minimal 
line width deviation from the intended line width. However, the effect of time on the line width deviation 






Figure 17: Main effects plot for the LWD. 
 
An increase in drop spacing reduces the amount of ink being deposited per unit area, thereby reducing 
spreading of the ink on the substrate surface. This could lead to lower deviation of the measured line width 
from the intended line width as the drop spacing increases. Hence a higher drop spacing can be employed 
for achieving features with line width closer to the intended dimensions. At lower standoff distance of the 
plasma applicator, the density of the plasma would be higher. So, the surface energy of the treated substrate 
would be higher. The water contact angle measurements provided in Section 3.2.3 illustrate this effect. 
With the increase in standoff distance, the surface energy of the treated substrate would be lower. This 
means the spreading of the ink on the substrate surface would be lower. Hence, a higher standoff distance 
of the plasma applicator can be employed for printing features with less deviation from the intended line 
width – particularly when very narrow lines are desired.  Higher substrate temperature was noted to be 
conducive for minimizing the line width deviation. At elevated substrate temperature, a higher solvent 
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evaporation rate is expected. This could result in lower line width deviation due to the reduced time 
available for spreading of the ink on the substrate.  
 
4.2.2 ANOVA for line edge roughness (LER) 
The detailed analysis of variance (ANOVA) table for the line edge roughness is given in Appendix C. The 
model from Appendix C was further improved by only considering up to 2-way interactions to provide a 
better estimate for the error term by increasing the degrees of freedom associated with it. In addition to that, 
a Box-Cox transformation of the data using λ=0.1 was performed to transform the non-normal dependent 
variable LER into a normal shape. The primary factors and their two-way interactions were only considered 
in the reduced model. The ANOVA for the transformed model is provided in Table 4.  
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Table 4: ANOVA for the line edge roughness (LER) 
 
 
The Box-Cox transformation was noted to improve the R-squared value from 40% (without the 
transformation) to 43.60% (after the transformation). From the ANOVA in Table 4, it is clear that factors 
E (Time between printing and sintering), B (Drop spacing), and the interaction of factors B&D (drop 
spacing and substrate temperature), A&C (Intended line width and plasma standoff), B&C (Drop spacing 
and plasma standoff), B&E (Drop spacing and time between printing and sintering) and A&D (Intended 
line width and substrate temperature) were significant with a p-value less than 0.05. The R-squared value 
from the ANOVA indicates that only about 43.6% of the data fits the regression model. 
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From Figure 18, the histogram follows a normal distribution centered at 0, with a slight positive skew. The 
normal probability plot of residuals shows only a few outliers. These two plots indicate that the normality 
assumption is satisfied. The ‘Residual Versus Fits’ plot did not indicate any abnormalities in the variance, 
thus satisfying the equal variance assumption. The ‘Residual Versus Order’ do not show any specific pattern 
with respect to the observation order, indicating that the independence assumption is satisfied for the 
ANOVA model. As all the necessary assumptions for the validation of ANOVA were satisfied, the data 
generated can be interpreted with the current model. 
 
Figure 18: Residual plots for LER values. 
 
The Pareto chart of the standardized effects is shown in Figure 19. Time between printing and sintering has 





Figure 19: Pareto chart of the standardized effects for LER. 
 
The main effects plot for LER is shown in Figure 20. It can be noted from the main effects plot that low 
drop spacing is noted to result in minimal edge roughness. Having less time between printing and curing 
can be noted to help in achieving minimal line edge roughness. However, the effect of substrate temperature 






Figure 20: Main effects plot for LER. 
 
4. 3 Discussion of key observations 
From the main effects plot for the line width deviation in Figure 17, it was noted that minimal line width 
deviation can be achieved by employing higher drop spacing, higher plasma standoff distance and higher 
substrate temperature. Time between printing and sintering was shown to play an insignificant role on the 
line width deviation from the intended line width. In the case of the line edge roughness, the standoff 
distance and substrate temperature were noted to have an insignificant effect. A low time between printing 
and sintering was noted to help achieve minimal line edge roughness. However, it was noted that an increase 
in drop spacing led to increased line edge roughness. This could be problematic, as high drop spacing 




The main effects plots of drop spacing in the case of line width deviation and line edge roughness are 
provided in Figure 21. The inverse relationship between line width deviation and line edge roughness with 
increase in drop spacing can be seen from the main effects plot. This unfortunately means that at the process 
conditions ideal for achieving features having low LWD, the LER would be higher. 
 
Figure 21: Main effects plots of drop spacing for (a) line width deviation and (b) line edge roughness.  
 
This effect is illustrated in Figure 22, with micrographs of three tracks having a 50μm intended line width. 
The tracks were printed at 15, 20, 25 μm drop spacing, while the rest of the process conditions were held 
constant. Figure 22(a) shows a line printed at a drop spacing of 15μm. This line exhibits considerably lower 
edge roughness, but it has a higher deviation of line width from the intended line width of 50μm. Figure 
22(c), on the other hand, shows a line printed at a drop spacing of 25μm. The line can be seen to have 







Figure 22: Change of LWD and LER with drop spacing. 
 
4.3.1 Design modification for achieving lowest LWD and LER. 
The conventional approach of inkjet printing a feature of certain line width is to first design a digital image 
of the feature with the desired line width. Printing of the line at the process conditions that would be suitable 
for achieving a line with minimal deviation from the intended line width is then performed. This study has 
revealed that lowest deviation from the intended line width is attained at relatively high drop spacing. 
However, it was also noted that at high drop spacing conditions, the edge roughness of printed features 
could be high. This means that the printed line can have rough edges and possibly discontinuities if a high 
drop spacing is used. Ideally the printed feature would not only have minimal deviation from the intended 
line width but also minimal edge roughness.  
A potential way of addressing this issue is by designing features with dimensions smaller than the intended 
line width and then printing those lines at a lower drop spacing condition. From the results obtained in this 
study, it can be noted that low edge roughness values and a high positive deviation from the intended line 
width will be obtained when a low drop spacing is employed. For example, the conventional way of trying 
to print a 200μm wide line is by using an image file with a line width of 200μm and then printing at a high 
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drop spacing of 25μm. Alternatively, a line width of 200μm can be achieved by using an image file with a 
line width of 100μm, and printing the image at a lower drop spacing of 15μm. The line shown in Figure 
23(a) was printed using a using a print file with a line width of 200μm, and at a high drop spacing of 25μm. 
Figure 23(b) shows a line printed using a print file with a line width of 100μm, and at a low drop spacing 
of 15μm. It can be seen from Figure 23 that printing at a low drop spacing condition and using a print file 
with a line width of 100μm helped in printing lines very close to the 200μm target line width while greatly 
reducing line edge roughness. 
 
Figure 23: Micrographs of lines printed using print files of line width (a)200 μm and (b)100 μm. 
 
Figure 24 shows lines with a measured line with of about 100μm printed using image files with line widths 
of 100μm and 50μm respectively. Similar to the case of 200μm lines mentioned above, it can be seen from 
Figure 24 that printing at a low drop spacing condition and using a print file with a line width of 50μm 




Figure 24: Micrographs of lines printed using print files of line width (a)100 μm and (b)50 μm. 
 
4.4 Conclusions 
The key conclusions from this experimental study can be summarized as follows. 
• Printing at elevated substrate temperature generally led to line widths closer to the intended line 
width.  
• Although time between printing and sintering did not have a significant impact on the line width 
of printed features, minimal time between printing and sintering was shown to be conducive for 
achieving smoother edges for the printed lines. 
• Larger drop spacing led to narrower line widths, however the line edge roughness tended to 
increase.  
• Minimum printed line width error and edge roughness was obtained using graphic images whose 
line widths were narrower than the desired line width. 
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Chapter 5: Conclusions and recommendations 
5. 1 Summary 
The effect of various process parameters on the quality of printed MOD ink traces was studied through a 
full factorial design of experiments study. Line width deviation from the intended line width and RMS Line 
edge roughness were considered as the response variables for quantifying the quality of the printed lines. 
From the ANOVA it was found that the standoff distance of the plasma applicator, substrate temperature, 
and the drop spacing had a significant impact on the line width of printed features. Time between printing 
and sintering was found to not have a significant impact on the line width of the features. From the main 
effects plots it was found that surface treating the substrates at a higher standoff distance of the plasma 
applicator and printing at a high drop spacing condition on a heated substrate was conducive for achieving 
features with minimal deviation from the intended line width. 
Time between printing and sintering was found to have a significant impact on the RMS line edge roughness 
of the printed features. From the main effects plot of the line edge roughness, it was noted that having a 
minimum time between printing and sintering was helpful for achieving low edge roughness. Drop spacing 
was also noted to have a significant effect on the line edge roughness. Increasing the drop spacing was 
noted to increase the edge roughness of the printed features. However, high drop spacing was recommended 
for achieving low deviation from the intended line width. So, there was a tradeoff between the line width 
and the line edge roughness.  
Based on results of this study, a new design recommendation was made to address this issue. Using a 
graphic image file with narrower line width than the intended final line width and printing at a low drop 
spacing can be a possible approach to producing features of desired line width and a low line edge 
roughness. The amount of line width reduction in the graphic image relative to the desired line width will 
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obviously vary depending on properties of the ink and substrate used, however, this approach may prove 
useful in general for improving the quality of printed traces.  
 
5. 2 Recommendations for future work 
Highly adhesive smooth lines of high resolution and high electrical conductivity are ideally desired in 
printed electronic devices. The current study revealed the impact of various pre-process, print-process and 
post-process parameters on the quality of printed MOD ink traces. The results of this study can be extended 
by studying the impact of these process parameters on the electrical conductivity and adhesion of the printed 
traces. As printing multiple layers can improve the electrical conductivity of printed traces, studying the 
impact of the significant process parameters in this study on the feature size of multi-layer patterns can be 
useful. Printing orientation of the lines could be another factor that could play a major role on the quality 
of the printed features and it could be incorporated into future studies. 
The results obtained in the current thesis are directly applicable only to the ink and substrate combination 
used in the study. An analytical formulation that would take into account the drop diameter, contact angle, 
drop spacing and line width of the features in the design, to predict the line width of the printed features 
could be very useful. The data generated in this study could be used for validation of the analytical 
formulation. Development of such model could be advantageous for predicting the printed line width and 
therefore help in adjusting the design of the print file for printing features with minimal deviation from the 
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Standoff Temp Time LWD LER 
50 15 10 30 1 239 2 
50 15 10 30 30 141 3 
50 15 10 70 1 93 4 
50 15 10 70 30 113 4 
50 15 15 30 1 210 3 
50 15 15 30 30 225 6 
50 15 15 70 1 115 8 
50 15 15 70 30 110 4 
50 15 20 30 1 203 2 
50 15 20 30 30 171 8 
50 15 20 70 1 137 3 
50 15 20 70 30 103 6 
50 20 10 30 1 129 3 
50 20 10 30 30 149 6 
50 20 10 70 1 82 4 
50 20 10 70 30 127 8 
50 20 15 30 1 141 6 
50 20 15 30 30 84 9 
50 20 15 70 1 82 4 
50 20 15 70 30 58 6 
50 20 20 30 1 225 4 
50 20 20 30 30 125 7 
50 20 20 70 1 80 4 
50 20 20 70 30 60 5 
50 25 10 30 1 165 4 
50 25 10 30 30 112 8 
50 25 10 70 1 84 6 
50 25 10 70 30 45 10 
50 25 15 30 1 148 7 
50 25 15 30 30 108 9 
50 25 15 70 1 94 7 
50 25 15 70 30 88 10 
50 25 20 30 1 166 6 
50 25 20 30 30 91 8 
50 25 20 70 1 31 5 
50 25 20 70 30 49 7 
50 15 10 30 1 234 1 
51 
 
50 15 10 30 30 96 2 
50 15 10 70 1 120 2 
50 15 10 70 30 97 5 
50 15 15 30 1 211 3 
50 15 15 30 30 122 5 
50 15 15 70 1 116 4 
50 15 15 70 30 100 5 
50 15 20 30 1 163 3 
50 15 20 30 30 109 6 
50 15 20 70 1 99 3 
50 15 20 70 30 104 5 
50 20 10 30 1 105 3 
50 20 10 30 30 160 7 
50 20 10 70 1 71 5 
50 20 10 70 30 102 10 
50 20 15 30 1 151 7 
50 20 15 30 30 77 11 
50 20 15 70 1 82 4 
50 20 15 70 30 111 5 
50 20 20 30 1 229 3 
50 20 20 30 30 136 11 
50 20 20 70 1 82 5 
50 20 20 70 30 96 7 
50 25 10 30 1 145 6 
50 25 10 30 30 119 9 
50 25 10 70 1 72 7 
50 25 10 70 30 63 9 
50 25 15 30 1 149 6 
50 25 15 30 30 120 14 
50 25 15 70 1 101 9 
50 25 15 70 30 81 9 
50 25 20 30 1 152 7 
50 25 20 30 30 116 9 
50 25 20 70 1 39 7 
50 25 20 70 30 47 8 
50 15 10 30 1 246 1 
50 15 10 30 30 138 3 
50 15 10 70 1 115 3 
50 15 10 70 30 99 3 
50 15 15 30 1 224 2 
50 15 15 30 30 134 3 
50 15 15 70 1 97 4 
52 
 
50 15 15 70 30 123 6 
50 15 20 30 1 205 2 
50 15 20 30 30 122 4 
50 15 20 70 1 104 3 
50 15 20 70 30 119 5 
50 20 10 30 1 211 4 
50 20 10 30 30 148 5 
50 20 10 70 1 70 6 
50 20 10 70 30 75 8 
50 20 15 30 1 129 5 
50 20 15 30 30 86 9 
50 20 15 70 1 76 3 
50 20 15 70 30 89 8 
50 20 20 30 1 254 4 
50 20 20 30 30 132 6 
50 20 20 70 1 79 5 
50 20 20 70 30 52 7 
50 25 10 30 1 142 6 
50 25 10 30 30 115 9 
50 25 10 70 1 50 7 
50 25 10 70 30 49 11 
50 25 15 30 1 137 6 
50 25 15 30 30 98 10 
50 25 15 70 1 105 6 
50 25 15 70 30 88 8 
50 25 20 30 1 143 6 
50 25 20 30 30 101 9 
50 25 20 70 1 32 5 
50 25 20 70 30 56 9 
100 15 10 30 1 266 2 
100 15 10 30 30 251 9 
100 15 10 70 1 127 4 
100 15 10 70 30 181 5 
100 15 15 30 1 120 2 
100 15 15 30 30 217 6 
100 15 15 70 1 103 6 
100 15 15 70 30 90 7 
100 15 20 30 1 213 2 
100 15 20 30 30 268 7 
100 15 20 70 1 104 3 
100 15 20 70 30 100 4 
100 20 10 30 1 159 4 
53 
 
100 20 10 30 30 198 5 
100 20 10 70 1 111 6 
100 20 10 70 30 61 7 
100 20 15 30 1 141 3 
100 20 15 30 30 206 16 
100 20 15 70 1 61 4 
100 20 15 70 30 71 13 
100 20 20 30 1 140 7 
100 20 20 30 30 52 6 
100 20 20 70 1 68 6 
100 20 20 70 30 50 15 
100 25 10 30 1 183 4 
100 25 10 30 30 134 15 
100 25 10 70 1 44 4 
100 25 10 70 30 53 9 
100 25 15 30 1 184 8 
100 25 15 30 30 174 25 
100 25 15 70 1 45 6 
100 25 15 70 30 80 11 
100 25 20 30 1 173 3 
100 25 20 30 30 133 14 
100 25 20 70 1 41 6 
100 25 20 70 30 86 14 
100 15 10 30 1 266 2 
100 15 10 30 30 309 8 
100 15 10 70 1 134 2 
100 15 10 70 30 75 4 
100 15 15 30 1 186 3 
100 15 15 30 30 211 4 
100 15 15 70 1 89 8 
100 15 15 70 30 127 17 
100 15 20 30 1 209 4 
100 15 20 30 30 208 3 
100 15 20 70 1 104 3 
100 15 20 70 30 96 7 
100 20 10 30 1 177 5 
100 20 10 30 30 93 9 
100 20 10 70 1 233 5 
100 20 10 70 30 67 13 
100 20 15 30 1 155 2 
100 20 15 30 30 198 7 
100 20 15 70 1 76 4 
54 
 
100 20 15 70 30 101 9 
100 20 20 30 1 190 2 
100 20 20 30 30 113 2 
100 20 20 70 1 60 5 
100 20 20 70 30 12 14 
100 25 10 30 1 187 5 
100 25 10 30 30 158 12 
100 25 10 70 1 23 5 
100 25 10 70 30 48 10 
100 25 15 30 1 128 11 
100 25 15 30 30 141 23 
100 25 15 70 1 88 4 
100 25 15 70 30 66 2 
100 25 20 30 1 187 2 
100 25 20 30 30 97 17 
100 25 20 70 1 56 9 
100 25 20 70 30 84 31 
100 15 10 30 1 244 2 
100 15 10 30 30 195 4 
100 15 10 70 1 103 3 
100 15 10 70 30 132 6 
100 15 15 30 1 189 3 
100 15 15 30 30 156 4 
100 15 15 70 1 104 14 
100 15 15 70 30 80 13 
100 15 20 30 1 189 2 
100 15 20 30 30 195 4 
100 15 20 70 1 105 13 
100 15 20 70 30 104 13 
100 20 10 30 1 242 4 
100 20 10 30 30 120 6 
100 20 10 70 1 190 5 
100 20 10 70 30 60 4 
100 20 15 30 1 130 2 
100 20 15 30 30 215 4 
100 20 15 70 1 73 9 
100 20 15 70 30 143 5 
100 20 20 30 1 170 6 
100 20 20 30 30 114 7 
100 20 20 70 1 78 11 
100 20 20 70 30 114 17 
100 25 10 30 1 177 4 
55 
 
100 25 10 30 30 159 8 
100 25 10 70 1 45 4 
100 25 10 70 30 81 8 
100 25 15 30 1 156 7 
100 25 15 30 30 85 12 
100 25 15 70 1 32 6 
100 25 15 70 30 94 12 
100 25 20 30 1 161 3 
100 25 20 30 30 140 11 
100 25 20 70 1 24 5 
100 25 20 70 30 45 7 
200 15 10 30 1 344 3 
200 15 10 30 30 289 4 
200 15 10 70 1 102 2 
200 15 10 70 30 158 3 
200 15 15 30 1 344 5 
200 15 15 30 30 202 7 
200 15 15 70 1 73 3 
200 15 15 70 30 149 3 
200 15 20 30 1 236 8 
200 15 20 30 30 291 32 
200 15 20 70 1 118 2 
200 15 20 70 30 129 2 
200 20 10 30 1 200 5 
200 20 10 30 30 254 3 
200 20 10 70 1 186 2 
200 20 10 70 30 69 3 
200 20 15 30 1 222 11 
200 20 15 30 30 160 6 
200 20 15 70 1 122 9 
200 20 15 70 30 73 22 
200 20 20 30 1 88 8 
200 20 20 30 30 190 11 
200 20 20 70 1 85 4 
200 20 20 70 30 43 23 
200 25 10 30 1 141 9 
200 25 10 30 30 220 35 
200 25 10 70 1 75 3 
200 25 10 70 30 139 52 
200 25 15 30 1 183 7 
200 25 15 30 30 161 11 
200 25 15 70 1 78 7 
56 
 
200 25 15 70 30 45 4 
200 25 20 30 1 226 5 
200 25 20 30 30 101 12 
200 25 20 70 1 28 5 
200 25 20 70 30 44 23 
200 15 10 30 1 253 6 
200 15 10 30 30 262 6 
200 15 10 70 1 109 2 
200 15 10 70 30 176 2 
200 15 15 30 1 297 3 
200 15 15 30 30 282 7 
200 15 15 70 1 92 3 
200 15 15 70 30 127 5 
200 15 20 30 1 263 5 
200 15 20 30 30 321 15 
200 15 20 70 1 101 3 
200 15 20 70 30 129 3 
200 20 10 30 1 240 2 
200 20 10 30 30 280 4 
200 20 10 70 1 91 3 
200 20 10 70 30 61 2 
200 20 15 30 1 156 3 
200 20 15 30 30 202 7 
200 20 15 70 1 29 8 
200 20 15 70 30 177 13 
200 20 20 30 1 202 8 
200 20 20 30 30 180 2 
200 20 20 70 1 52 7 
200 20 20 70 30 50 31 
200 25 10 30 1 196 8 
200 25 10 30 30 246 5 
200 25 10 70 1 65 2 
200 25 10 70 30 105 36 
200 25 15 30 1 187 2 
200 25 15 30 30 163 10 
200 25 15 70 1 56 3 
200 25 15 70 30 34 24 
200 25 20 30 1 213 4 
200 25 20 30 30 130 10 
200 25 20 70 1 -37 5 
200 25 20 70 30 31 12 
200 15 10 30 1 269 5 
57 
 
200 15 10 30 30 232 8 
200 15 10 70 1 105 3 
200 15 10 70 30 149 3 
200 15 15 30 1 240 4 
200 15 15 30 30 290 14 
200 15 15 70 1 96 2 
200 15 15 70 30 99 4 
200 15 20 30 1 241 3 
200 15 20 30 30 211 10 
200 15 20 70 1 124 1 
200 15 20 70 30 117 3 
200 20 10 30 1 231 7 
200 20 10 30 30 237 2 
200 20 10 70 1 107 4 
200 20 10 70 30 20 5 
200 20 15 30 1 118 3 
200 20 15 30 30 238 29 
200 20 15 70 1 99 39 
200 20 15 70 30 97 3 
200 20 20 30 1 140 8 
200 20 20 30 30 85 3 
200 20 20 70 1 80 3 
200 20 20 70 30 26 32 
200 25 10 30 1 141 12 
200 25 10 30 30 237 15 
200 25 10 70 1 63 2 
200 25 10 70 30 145 46 
200 25 15 30 1 185 6 
200 25 15 30 30 114 16 
200 25 15 70 1 83 2 
200 25 15 70 30 71 33 
200 25 20 30 1 167 2 
200 25 20 30 30 145 37 
200 25 20 70 1 -32 4 
200 25 20 70 30 91 30 
400 15 10 30 1 257 3 
400 15 10 30 30 278 9 
400 15 10 70 1 100 2 
400 15 10 70 30 110 3 
400 15 15 30 1 186 6 
400 15 15 30 30 250 5 
400 15 15 70 1 61 2 
58 
 
400 15 15 70 30 112 5 
400 15 20 30 1 257 6 
400 15 20 30 30 250 10 
400 15 20 70 1 67 2 
400 15 20 70 30 64 7 
400 20 10 30 1 365 5 
400 20 10 30 30 181 6 
400 20 10 70 1 130 6 
400 20 10 70 30 212 16 
400 20 15 30 1 204 3 
400 20 15 30 30 111 6 
400 20 15 70 1 72 2 
400 20 15 70 30 29 21 
400 20 20 30 1 92 5 
400 20 20 30 30 116 3 
400 20 20 70 1 70 2 
400 20 20 70 30 11 32 
400 25 10 30 1 54 3 
400 25 10 30 30 92 26 
400 25 10 70 1 255 8 
400 25 10 70 30 33 6 
400 25 15 30 1 325 10 
400 25 15 30 30 231 15 
400 25 15 70 1 7 7 
400 25 15 70 30 76 4 
400 25 20 30 1 48 6 
400 25 20 30 30 25 6 
400 25 20 70 1 236 7 
400 25 20 70 30 1 6 
400 15 10 30 1 202 8 
400 15 10 30 30 322 7 
400 15 10 70 1 108 2 
400 15 10 70 30 126 2 
400 15 15 30 1 193 5 
400 15 15 30 30 221 3 
400 15 15 70 1 69 3 
400 15 15 70 30 109 1 
400 15 20 30 1 193 9 
400 15 20 30 30 270 14 
400 15 20 70 1 81 1 
400 15 20 70 30 77 9 
400 20 10 30 1 186 1 
59 
 
400 20 10 30 30 206 19 
400 20 10 70 1 80 5 
400 20 10 70 30 50 34 
400 20 15 30 1 116 2 
400 20 15 30 30 111 2 
400 20 15 70 1 87 1 
400 20 15 70 30 77 27 
400 20 20 30 1 102 3 
400 20 20 30 30 155 7 
400 20 20 70 1 37 9 
400 20 20 70 30 29 36 
400 25 10 30 1 78 3 
400 25 10 30 30 106 24 
400 25 10 70 1 71 2 
400 25 10 70 30 -132 26 
400 25 15 30 1 84 3 
400 25 15 30 30 167 3 
400 25 15 70 1 20 6 
400 25 15 70 30 59 2 
400 25 20 30 1 112 9 
400 25 20 30 30 137 9 
400 25 20 70 1 21 2 
400 25 20 70 30 -6 4 
400 15 10 30 1 184 4 
400 15 10 30 30 362 3 
400 15 10 70 1 90 3 
400 15 10 70 30 108 2 
400 15 15 30 1 118 4 
400 15 15 30 30 249 2 
400 15 15 70 1 49 1 
400 15 15 70 30 84 2 
400 15 20 30 1 158 6 
400 15 20 30 30 177 15 
400 15 20 70 1 81 2 
400 15 20 70 30 69 3 
400 20 10 30 1 235 7 
400 20 10 30 30 258 8 
400 20 10 70 1 79 2 
400 20 10 70 30 39 24 
400 20 15 30 1 103 2 
400 20 15 30 30 145 2 
400 20 15 70 1 59 1 
60 
 
400 20 15 70 30 2 36 
400 20 20 30 1 118 1 
400 20 20 30 30 109 2 
400 20 20 70 1 67 2 
400 20 20 70 30 3 34 
400 25 10 30 1 185 11 
400 25 10 30 30 212 36 
400 25 10 70 1 -62 39 
400 25 10 70 30 58 26 
400 25 15 30 1 224 4 
400 25 15 30 30 156 13 
400 25 15 70 1 61 2 
400 25 15 70 30 65 2 
400 25 20 30 1 50 3 
400 25 20 30 30 111 17 
400 25 20 70 1 45 1 


































Appendix C: ANOVA for LER. 
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